Unusual quantum magnetic-resistive oscillations in a superconducting structure of two 

serial circular asymmetric loops 
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We measured unusual quantum oscillations of a rectified direct voltage K-ec(B) biased with an 
alternating current (without a dc component) and dc voltage Vdc{B) biased with a direct current 
(without an ac component) as a function of magnetic field i? in a thin-film aluminum structure 
consisting of two different serial circular asymmetric at temperatures slightly below the supercon- 
ducting critical temperature Tc. The distance between the loop centers is many times longer than 
the superconducting coherence length of pure aluminum at zero temperature ^o- Fourier analysis 
of these Vrec{B) and Vdc{B) oscillations gives two fundamental frequencies, attributable to periodic 
responses of each loop to the changing magnetic field, and the sum and difference of these funda- 
mental frequencies. Moreover, the Fourier spectrum contains two low frequencies characterizing the 
oscillation envelopes as well as a variety of linear combinations consisting of fundamental and/or 
low frequencies. We found the coupling between the quantum states of these serial loops persists if 
the loops are moving apart to a considerable distance equal to the penetration depth of an electric 
field into the superconductor. In low fields, Vrec{B) and Vdc{B) oscillations are of unusual character 
and cannot be described in terms of the simple Ginsburg-Landau quasi-one-dimensional model. 

PACS numbers: 74.78.Na, 74.25.F, 74.40.Gh, 73.40.Ei, 85.25.-j 



I. INTRODUCTION 

For the first time, a nonzero time-averaged rectified 
dc voltage Vrec{B) as a function of magnetic field B was 
measured^ in a single superconducting asymmetric circu- 
lar loop threaded with a magnetic fiux $ and biased by a 
sinusoidal current (with a dc component) with an ampli- 
tude close to critical and frequencies up to 1 MHz at tem- 
peratures T slightly below the superconducting critical 
temperature Tc- The voltage oscillates with the period 
AB = ^o/S, where $0 is the superconducting magnetic 
flux quantum and S is the effective loop area. 

VreciB) oscillations measured in a single asymmetric 
loop^ are quite unusual. They radically differ from oscil- 
lations in the Little-Parks (LP) effect.^ The main differ- 
ences are 

1. In low magnetic fields, Vrec{B) oscillations have a gi- 
ant amplitude tending to IqRn 1'^, where Ic = Ic{T, B — 
0) is the superconducting critical current in the zero 
field and Rjq is the structure resistance in the normal 
statei The amplitude of voltage oscillations Vrec{B) cor- 
responds to the maximum amplitude Ai? (from peak 
to peak) of resistance oscillations tending to Rn- The 
Ai? amplitude of magnetoresistance oscillations R{B) in 
the LP effect is described as Ai? = {dR/dT)ATc,nax, 
where ATcmax = Tc{£,{0)/D)'^ for a dirty superconduc- 
tor, D is the diameter of the thin- walled cylinder (loop), 
^(0) = 0.85(^o0^1/2), I is the electron mean free path, 
and ^0 is the coherence length for a pure superconduc- 
tor at zero temperature.— For aluminum loopSfi the Ai? 
amplitude derived from VreciB) oscillations can exceed 
the amplitude of magnetoresistance oscillations expected 
on the basis of the LP effect more than by one order of 
magnitude. 



2. Vrec{B) oscillations are observed at temperatures 
corresponding to the lower part of the N — S resistive 
transition R{T) when the structure is in a state close to 
non-equilibrium at a bias current close to criticalii LP 
oscillations are usually measured at T corresponding to 
the midpoint of the R(T) transition when the structure 
is in an equilibrium state. 

3. Vrec{B) oscillations reach their extreme values 
(maxima and minima) at $/$o close to ±(n-|- 1/4), where 
n is an integer, while R{B) oscillations in the LP effect 
reach their extreme values at ^/^o — n + 1/2. 

4. Oscillations of the critical currents Ic+{B) and 
Ic-{B) were measured^i^ for arbitrarily positive and neg- 
ative half- waves of a bias ac in a single asymmetric cir- 
cular loop and in a system of the identical serial asym- 
metric loops. In low magnetic fields, these Ic+{B) and 
ic- (B) curves were unexpectedly found to coincide if 
shifted by the field corresponding to $/2 with respect 
to each other. Moreover, like Vrec{B) oscillations these 
Ic+{B) and Ic^{B) functions reach their extreme values 
at $/$o close to ±(n + l/4). Some other striking features 
of Vrec{B), Ic+{B), and Ic-{B) oscillations were found 
in asymmetric loops. "^'^ 

5. Unlike LP oscillations, the behavior of Vrec{B), 
Ic+{B), and Ic-{B) oscillations in an asymmetric circu- 
lar loop cannot be explained in the framework of the sim- 
ple G-L quasi-one-dimensional model,— using only the re- 
quirement of superconducting fluxoid quantization along 
a closed contour."^ Further investigations would give a 
better insight into the behavior of K-ec(-B), Ic+{B), and 
Ic-{B) oscillations in an asymmetric loop. 

An asymmetric loop and a system of such loops are 
interesting object for prospective application. Since 
Vrec{B) in a single circular asymmetric loop is directly 
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proportional to the loop circulating current Iji{B)^ mea- 
surements of VreciB) allow the readout of the quan- 
tum state of a single loop and a figure-of-eight-shaped 
structure^ii^ 

Due to the giant oscillation amplitude, an asymmetric 
circular loop is a very efficient rectifier of ac voltageii 
A total rectified voltage Vrec{B) in a system of identical 
serial asymmetric loops is directly proportional to the 
number of loops. 

In addition, such a loop with an extremely small wall 
narrowing could possibly be used as an element of a 
superconducting flux qubit^*^ with quantum phase-slip 
centersj^ii^ Two serial loops of this kind could be an ana- 
log of two serial flux qubits. Quantum superposition of 
two different macroscopic states could not, of course, be 
realized in the structure (Fig. [ij under the experimental 
conditions used. 

Moreover, two serial loops are convenient for the study 
of nonlocal effects like the effect of quantum magnetic- 
resistive behavior of one structure part (a loop) on the 
behavior of other structure parts. 

Measurements of the Vrec{B) oscillations in a super- 
conducting aluminum figure-of-eight-shaped structure 
consisting of two directly connected asymmetric circular 
loops of different areas threaded with a magnetic flux per- 
mitted the determination of quantum resistive response 
of each loop and revealed an interaction (nonlinear cou- 
pling) between the loops<ii^ Nonlinear coupling between 
two serial asymmetric loops should become weaker with 
an increasing distance between them. It is of interest to 
determine a characteristic length at which the coupling 
between these serial loops would be retained. 

The aim of the work is to experimentally study the 
quantum magnetic-resistive behavior of the two-loop 
structure (Fig. [1} consisting of two different asymmetric 
circular loops serially connected with a wire of a length 
close to the penetration depth of a noniniform electric 
field into a superconductor®'^'^ A^;. For such a structure, 
Ae exceeds in the studied temperature range many 
times. The first task was to find the interaction (nonlin- 
ear coupling) between the loops. 

Like the authors of Ref. 7,8, to determine the struc- 
ture quantum behavior we measured the rectified dc volt- 
age Vrec{B) as a function of a normal magnetic field B 
and a bias sinusoidal low-frequency current (without a 
dc component) at temperatures T slightly below Tc in 
a superconducting aluminum structure consisting of two 
loops of different areas (Fig. [T]). In addition, to this end 
we first we measured a dc voltage Vdc{B) as a function 
of B and bias dc (without an ac component) through the 
2-loop structure. 

Nonlocal effects and the length scale of nonlocality, in 
particular, in the 2-loop structure were also the objects 
of this study. It is known that for mesoscopic structures 
the nonlocal superconducting length is close, by the or- 
der magnitude, to the Ginzburg-Landau coherence length 
^{T)^-2^ In Ref. [13, the calculated nonlocal length 
can reach the value several times exceeding the coher- 




FIG. 1: SEM image of the structure. The scale bar: 2 nm. 

ence length £,{T). In this work, we attempt to search 
for nonlocal effects and nonlinear coupling of loops at a 
much larger length A^; which is larger than ^(T) by an 
order of magnitude. 



II. SAMPLES AND EXPERIMENTAL 
PROCEDURE 

Under similar conditions we fabricated three asymmet- 
ric circular structures: one 2-loop structure (Fig. [1]) and 
two single loops with sizes close to those in the 2-loop 
structure. A 45 nm thick structure of two loops was 
fabricated by thermal sputtering of aluminum onto a sil- 
icon substrate using the lift-off process of electron-beam 
lithography. Figure [T] displays a scanning electron mi- 
croscopy (SEM) image of the structure. It consists of 
two different serial circular asymmetric loops with the 
distance between the loop centers L — 12.5 iim. This 
distance is almost 8 times longer than S^q — 1.6 fim. The 
average widths of all narrow and wide wires in the sam- 
ple central part are w„ — 0.22 /xm and Ww — 0.41 /im, 
respectively. The circular asymmetry permits the ob- 
servation of nonzero rectified dc voltage Vrec{B) in the 
structureiii^ The minimum area of the loop is the in- 
ternal area within the inner loop border. The minimum 
areas of the larger and smaller loops are SLmin ~ 11.57 
/im^ and Ssmin = 6.34 /im^, respectively. From the 
structure geometry, the average areas of the larger and 
smaller loops are SLgeom — 13.93 firn^ and Ssgeom — 7.92 
/im^, respectively. 

The 2-loop structure has the following parameters. 
The total normal-state resistance measured between two 
vertical wires at T = 4.2 K is Rn = 32 fi. The ra- 
tio of room-temperature to the helium-temperature re- 
sistance is R300/R4.2 — 2. Sheet resistance is Rs = 0.69 
ri, the resistivity is then p = 3.105 x 10^^ fl m. From 
the expressioniii^ = (6 ± 2) x lO^^® ft , we de- 
termine the electron mean free path I — 19 nm. The 
structure is a "dirty" superconductor, because Z <C ^o- 
Therefore, for this structure the temperature-dependent 
superconducting Ginzburg-Landau coherence length at 
temperatures slightly below Tc is determined from the 
expression^ ^(T) = ^(0)(1 - T/T^)-^/^, where ^(0) = 
0.85(^o0^^^ = 0.15 /im . The critical superconducting 
temperature Tc = 1.355 ± 0.001 K was determined from 
the midpoint of normal-superconducting transition R(T) 
in a zero field. The basic parameters of the single loops 
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were close to those of the 2-loop structure. 

Two types of four-probe measurements of dc voltage 
oscillations versus magnetic field normal to the substrate 
surface were performed in the 2-loop structure (Fig. [T]) 
and two single loops. In the first case, a rectified time- 
averaged dc voltage Vrec{B) appeared in the structures 
biased with a sinusoidal current (without a dc compo- 
nent) at frequencies from 1 to 10 kHz. In the second case, 
a dc voltage Vdc [B) was measured when a bias direct cur- 
rent Idc (without an ac component) passed through the 
structures. These Vrec{B) and Vdc{B) data were obtained 
at different bias ac amplitudes and dc values, both close 
to the critical current in the zero field Icrit{T, B = 0) at 
T slightly below T^. 

The Vrec{B) and Vdc{B) oscillations in the single 
loops were measured to identify the magnetic-resistive 
responses in the loops of the 2-loop structure. To study 
nonlocal effects, we also measured nonlocal Vrec{B) and 
VdciB) voltages in current-carrying wire parts distanced 
from the single loop much farther than ^o- 



III. RESULTS AND DISCUSSION 
A. Main results 

The results of Vrec(B) and Vdc{B) measurements in 
single loops will be presented elsewhere. Here, we present 
the Vrec{B) and Vdc{B) oscillations measured in the 2- 
loop structure. The experimental VredB) and VddB) 
curves are shown in Figs. [5] and |31 respectively. The 
values of the direct Idc, alternating lac and critical cur- 
rents Ic together with the temperature T are given in 
the figures. For a detailed study, fast Fourier transfor- 
mations (FFT) of the Vrec{B) and Vdc{B) functions were 
obtained using 4096 uniformly of distributed points in 
magnetic fields from -25 to +25 G. The Fourier spectra 
of these functions exhibit a variety of peaks of different 
magnitudes and frequencies (insets of Figs. [5] and [3]). 
The frequency / has the meaning of a value inversely 
proportional to a certain period of voltage oscillations, 
i.e. / — l/AB. The great number of various frequencies 
in the spectra indicates the presence of various periodic 
magnetic-field-dependent responses of the structure. 

Fundamental frequencies of the smaller and larger 
loops are 

fs - l/ABs = 5s/$o , fL = 1/ABl = Sl/$o , (1) 

respectively. Here ABs and AB^ are the periods of volt- 
age oscillations in the loops, and Ss and Sl are effective 
loop areas, with S and L relating to the smaller and larger 
loops, respectively. The expected fundamental frequen- 
cies corresponding to averaged geometrical areas of the 
loops are fsgeom = 0.38 G"^ and fLgcom = 0.67 G"^ 
The minimum expected values of fundamental frequen- 
cies of the loops are fsmin = 0.31 G~^ and fhmin = 0.56 
G~^, corresponding to the minimum areas of the smaller 



and larger loops. All panels in Fig. [2] present the recti- 
fied dc voltage Vrcc{B) versus magnetic field through the 
2-loop structure. Moreover, panel (c) in Fig. [5] displays 
the calculated Vrec{B) curve. The structure was biased 
by a sinusoidal current with v — 4.023 kHz (without a 
dc component) and a current amplitude lac close to the 
critical current Icrit{T,B = 0) at T slightly below Tc- 
The experimental procedure was similar to that in Ref. 

EBB 

In low magnetic fields, the behavior of Vrec{B) os- 
cillations cannot be described in the framework of the 
simple GL quasi-one-dimensional theory, using only the 
requirement of superconducting fiuxoid quantization.— 
In higher fields or higher bias currents with an amplitude 
lac > IciT, B ^0) [Fig. (He)], Vrcc{B) oscillations can be 
calculated using the model based on the GL quasi-one- 
dimensional theory which takes into account the phase- 
slip of the superconducting order parameter^ and longitu- 
dinal changes in the order parameter along the structure 
wires. For example, the theoretical Vrec{B) curve (dash- 
dot-dot) virtually coincides with the experimental one in 
simple case of Fig. HKc). In calculations, we neglect the 
changes of the order parameter across the wire width and 
the self-field created by superconducting currents because 
^(T) « 1 ^m > Wyj = 0.41 fim and penetration depth of 
normal magnetic field is Xd{T) > d = 45 nm, in the stud- 
ied temperature range. The theoretical curve was plot- 
ted using the experimental values of effective loop areas. 
The value <^(0) was taken as one of the fitting parame- 
ters. It was found that the fitting value C/it(0) — 0.19 /im 
slightly differs from ^(0) = 0.85(CoO^^^ = 0.15 /im. The 
difference can arise from some uncertainty of the product 

= (6 ± 2) X 10^^^ Q up from which I was found. 

Figure [3] shows a dc voltage Vdc{B) through the 2-loop 
structure biased with dc (without any ac component) at 
T shghtly below Tc. The FFT spectra of Vrec{B) and 
Vdc{B) functions exhibit peaks (labeled S and L) local- 
ized near the fundamental frequencies fs — 0.31 — 0.33 
G^^ and /l — 0.56 — 0.57 G^^, corresponding to the 
smaller and larger loops. These obtained fs and /l 
frequencies are close to the corresponding minimum ex- 
pected fundamental fsmin and fLmin frequencies of the 
loops [insets of Figs. [IJa), Hb), [Ifd), ISJa), Hb)]. This 
means that the effective loop areas are close to the corre- 
sponding minimum areas of the loops. The spectral peaks 
labeled 25' at fs2 = '^fs correspond to the second higher 
harmonics of fs frequency [insets of Figs. [2{b), [SJc), and 
[31[a)]. Apart from fundamental fs and /l frequencies, 
the spectra exhibit the difference frequency /a = /l — fs 
[insets of Figs. [2Ia), ^b), [2Kd) and l^ta) - lower curve, 
|3l[b) and[3lc)] and the summation frequency /e = fb+fs 
[insets of Figs. [Ha),md),[31[a)- both curves and[3Kb)]. In 
the insets of Figs. [5] and [31 the symbols A and E denote 
peaks corresponding to /a and /s frequencies. Earlier, 
the difference and summation frequencies /a = /l — fs 
and fs = fL + fs, suggesting the interaction (nonlinear 
coupling) between the loops, were found in the Fourier 
spectrum of Vrec{B) voltage through a figure-of-eight- 
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FIG. 2: (Color online) [(a)-(d)] Vrec{B) curves measured at the parameters shown in the figure. Apart from the experimental 
curve (solid line), the panel (c) shows the theoretical Vrec{B) curve (dash-dot-dot line). Insets: FFT spectra of the experimental 
curves. Symbols 5", L, A, E, and 25 show the spectral regions corresponding to the fundamental frequencies of the smaller and 
larger loops, difference and sum of these frequencies, and second higher harmonics of the fundamental frequency of the smaller 
loop, respectively. Symbols A, C, B, and D mark the regions corresponding to the extra low frequencies /a ~ 0.048 — 0.060 
G"\ fc = 0.119-0.141 G"\ their difference /s = fc ~ f-A = 0.072-0.081 G"\ and their sum fD = fc+fA= 0.167-0.201 
G~^, respectively. Linear combinations of symbols S, L, A, E, A, C, B, and D denote various combination frequencies. For 
example, the sum S + A near a peak shows that this peak corresponds to the summation frequency fs + /a- 



shaped structurei^s 

The spectra also demonstrate extra peaks of low fre- 
quencies /a = 0.048 - 0.062 G-\ fc = 0.119 - 0.141 
G-i and difference /s = fc - fA = 0.070 - 0.088 G-\ 
and summation fjy — fc + fA — 0.166 — 0.201 fre- 
quencies (insets of Figs. [2] and [3]) denoted as A, C, B, 
and D, respectively. 

First indications of low frequencies are nonmonotonic 
envelops of the Vrec{B) and Vdc{B) functions. Actually, 
the measured oscillations arise as a result of some ampli- 
tude modulation which is a periodic change in the ampli- 
tude of carrier oscillations at a frequency much smaller 
than the frequency of carrier oscillations. It was found 
that 1/fc and 1//a are several times smaller than the 



critical magnetic field at which the superconducting order 
parameter is radically suppressed in the 2-loop structure. 

Combination satellite frequencies fs + fA, fs + '^fA, 
fs + fs, fs + fc localized to the right of the fs frequency, 
fL± fA, fL± fs, fL + '2fB, fh + fo near /i frequency, 
/a - fA to the left of /a and fY,±fc, f^ + fs near /s can 
be seen in the spectra [insets of Figs. HJa), [H^b), [DJd), 
[31[a), [3]Jb) and[3]Jc)]. Earlier, extra low frequencies and 
satellite frequencies which are combinations of the loop 
fundamental frequency and a low frequency were found 
in the Fourier spectrum of the of Vrec{B) oscillations in 
a single almost symmetric circular loopi^ 

In this work, the spectra of Vrec{B) and Vdc{B) oscil- 
lations measured in single asymmetric loops (the Vrec{B) 
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and Vdciji) curves are not present here) also contain ex- 
tra low and satellite frequencies close to the correspond- 
ing frequencies in the 2-loop structure. Possible causes 
of these low frequencies will be discussed in a separate 
publication. 

Relative and absolute resistive contributions of both 
loops into VreciB) and VddB) oscillations vary with ex- 
ternal parameters. The resistive response of the smaller 
loop 5* is often larger than that of the larger loop L [in- 
sets of Figs. [2Ia)-(d) andEJa)]. At T slightly below 
Tc, a larger response of the larger loop L was observed 
as compared with the smaller loop response S [insets of 
Figs. [3jb) - the lower curve and[3l[c)]. 

With changing external parameters, dips instead of 
peaks were observed at certain frequencies. For exam- 
ple, dips are observed near the fs and /l frequencies 
[upper curve in the inset of Fig. IS^b)] instead of peaks S 
and L [lower curve in the inset of Fig. Efb)]. A dip S at 
fs is also seen in the inset of Fig. ISjc). The dip in the 
inset of Fig. ^d) labeled 25 corresponds to the second 
higher harmonics of the fs frequency. The inset of Fig. 
[3l[c) exhibits a dip S near the summation frequency /s. 
Instead of the spectral peak A observed at the frequency 
close to /a at current Idc = 0.71 [inset of Fig. [3ja), 
lower curve], a dip A appears at Idc = 0.81 /xA [inset 
of Fig. Ela), upper curve]. Both curves [Fig. [3{a)] were 
measured at the same temperature. With increasing cur- 
rent a dip A — A [inset of Fig. [3jc)] appears instead of 
the extra low- frequency spectral peak A — A [inset of Fig. 
Ha)]. 



B. Nonlinear coupling, combination frequencies 
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FIG. 3: (Color online) [(a)-(c)] Vdc{B) curves measured at 
the parameters shown in the figure. In the insets: solid lines 
correspond to FFT spectra of these curves, dash-dot-dot lines 
present spectra of other Vdc{B) curves (not shown in this 
figure) measured at the parameters shown in the insets of Figs. 
|3ja) and[3jb). Regions corresponding to certain frequencies 
are marked with symbols and their combinations the way used 
in Fig. |2l From the insets, extra low frequencies are equal: 
/a = 0.050 - 0.062 G-\ fc = 0.120 ~ 0.130 G'S and /s = 
0.070 - 0.088 G"\ and fo = 0.166 - 0.187 G"\ 



Let consider now how nonlinear coupling between loops 
arises and how combination frequencies appear. Nonlin- 
ear coupling between directly connected loops can be due 
to magnetic inductive coupling between loops and elec- 
trodynamic interaction through a bias current^i"^ How- 
ever, magnetic coupling cannot explain the great number 
of frequencies observed in the oscillation spectra, e.g. the 
sum of loop fundamental frequencies. In the case of se- 
rial loops, the inductive coupling between loops would 
become much weaker as the distance between the loops 
increases and the interaction through a bias current be- 
comes predominant. 

The difference and sum of fundamental frequencies in 
spectra suggest that not only does coupling exist between 
serial loops but that the properties of one structure part 
(loop) depend on the properties of the other structure 
part (loop) to some extent. The latter implies a non- 
locality of quantum magnetic-resistive properties of the 
2-loop structure. 

Neglecting magnetic inductive coupling, let consider 
how interaction (nonlinear coupling) can arise through a 
bias ac (a bias dc) between the quantum states of serial 
loops. It is interesting to understand how combination 
frequencies arise. Let assume that the studied 2-loop 
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structure can be in a non-equilibrium state with a charac- 
teristic length of the non-equilibrium region close to the 
length Ae- For this structure, the theoretical estimate 
gives A^; = 15 — 18 /im in the experimental temperature 
range. 

Quantum magnetic-resistive properties of a single loop 
depend both on the circulating loop current and bias cur- 
rent. Part of the bias current passing through the sin- 
gle loop becomes a magnetic- field-dependent, oscillating 
with a period equal to that of the loop circulating cur- 
rent oscillations (Ai3s = l//s for the smaller loop and 
ABl = for the larger loop). Because of the finite 

spatial change of superconducting order parameter, the 
nonlocal the Vrec{B) and Vdc{B) oscillations can be ex- 
pected to appear on a wire part located outside of the 
loop at the distance £,{T). 

These nonlocal voltage oscillations would information 
on the loop quantum properties. Earlier, attenuating 
nonlocal Vdc{B) oscillations were observed in the struc- 
ture parts located away from the contour of a single sym- 
metric loop at a distance (a nonlocal length) not exceed- 
ing the £,{T) lengthjii"— Theoretical calculations"'^^ sug- 
gest a somewhat larger characteristic nonlocal length ex- 
ceeding the ^(T) length. 

We measured the Vrec{B) and Vdc{B) oscillations in 
the single loops and wires located outside of the loops. 
In low fields, it was unexpectedly found that the oscil- 
lations in the single loop have a giant amplitude under 
certain critical external parameters. Moreover, nonlo- 
cal Vrec{B) and Vdc{B) oscillations measured in the wire 
outside the single loop practically do not undergo atten- 
uation at the length A^;. Then, it can be expected that 
some part of the oscillating current leaving one of the 
loops could also pass through the other loop in the 2- 
loop structure. As a result, current (voltage) oscillations 
with the fundamental frequency fs corresponding to the 
smaller loop could be amplitude modulated by the oscil- 
lations with the fundamental frequency Jl corresponding 
to the larger loop and vice versa. So, the oscillating cur- 
rent part passing through both loops becomes dependent 
on both loop oscillating currents. At larger lengths of 
the order A^, the nonlocal effect still noticeable whereas 
the inductive coupling between the loops becomes much 
weaker. Therefore, it is most likely that the nonlinear 
coupling between the loops in the 2-loop structure is due 
to coupling of quantum magnetic-resistive states of both 
loops through a common bias ac (bias dc) owing to the 
nonlocal effect. 

Now let consider a very simplified model of the dif- 
ference and summation frequencies appearance. For 
simplicity, let consider circulating currents to be 
harmonic. Present the circulating loop currents 
as Irl{B) = ARL{B)sin{2^BfL), and Irs{B) = 
ARs{B)sin{2T:Bfs + ^p), where Arl[B) and Ars{B) are 
nonperiodic magnetic-field-dependent functions which 
take into account the superconducting order parameter 
suppression in the loops. Here iy9 is a certain phase dif- 
ference. 



The nonlocal oscillating currents arising in the 
wire after a bias current passes through only one 
the larger loop (smaller loop) can be presented as 

IwtreL{B) = CLARL{B)sin{2TrBfL) [Iwtres{B) = 

CsARs{B)sin{2TrBfs + f)]- Here Cs and Cl are 
constants. After a bias current passes through both 
L and S loops, some part of the nonlocal oscillating 
current in the wire can be written as IwireLs{B) = 
CLsARLs{B)sin{2^BfL)sin{2^Bfs + v). Here, Cls 
is a constant and Arls{B) is a nonperiodic magnetic- 
field-dependent function. It is seen that the spectrum of 
the IwireLs{B) Current contains the difference /l — fs 
and summation -I- fs frequencies but does not contain 
the fundamental frequencies /i, and fs- Since the rec- 
tified voltage in the single loop is directly proportional 
to the circulating loop current,^ it can be written in a 
simplified form for the 2-loop structure as Vrec{B) ~ 
KLARL{B)sin{2nBfL) + KsARs{B)sin{2nBfs + if) + 
KLsARLs{B)sin{2TTBfL)sin{2TrBfs+(p), where Kl, Ks 
and Kls are nonzero constants. The Fourier spec- 
trum of this Vrec{B) function contains the fundamen- 
tal, difference and summation frequencies. The above- 
obtained expression for the VreciB) voltage conforms 
with the Vrec{B) curves calculated in terms of the quasi- 
one-dimensional GL theory taking into account non- 
equilibrium processes and longitudinal inhomogeneity of 
the order parameter. 



C. Dips in the spectrum 

Dips arise because of the nonlinear coupling of loop 
(wire) oscillations to give the product of two periodic 
signals with certain frequencies (amplitude modulation) . 
Instead of the original frequencies, the spectrum of this 
product would contain the difference and summation fre- 
quencies. For example, the upper spectrum in the inset 
of Fig. ISKb) exhibits a dip at the frequency /l and two 
side satellite peaks at frequencies /l-a and /l+a instead 
of the peak at the /i. At the same time, apart from the 
side satellites at /l__b and /l+s. Fig. [^Ja) shows a peak 
at the frequency /l suggesting the presence of the carrier 
signal in the spectrum. 



D. Behavior of quantum oscillations of a rectified 
voltage 

The amplitude of Vrec{B) oscillations is the function 
of both a bias ac amplitude lac and a magnetic filed. As 
was noted above, in low fields Vrec{B) oscillations in a 
single asymmetric circular loop (in a system of identical 
serial loops) ^ are of unusual character. For example, they 
have a giant amplitude at a bias ac amplitude lac close 
to the critical value. In the studied 2-loop structure, the 
behavior of VreciB) oscillations is also unusual in a cer- 
tain region of low fields. In this region, the oscillation 
amplitude is maximum and hardly depends on the mag- 
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netic field [Fig. [U^d)]. Outside the region, at first the 
oscillations drastically decrease with increasing field and 
then smoothly fade in high fields [Fig. EJd)]. In a gen- 
eral case, in low fields oscillations cannot be described 
in terms of the simple quasi-one-dimensional GL theory, 
using only the requirement of fluxoid quantization. 

The maximum value of VreciB) oscillations in the 2- 
loop structure as well as and the maximum magneto- 
resistive response of a single loop are determined by that 
how close the resistive state of the structure part (loop) 
is to the midpoint of the superconducting-normal (S-N) 
transition.^ 

On transition from a state close to the superconduct- 
ing state to a state more close to the midpoint of the S-N 
transition, the amplitude of VreciB) oscillations increases 
in fields close to zero [Figs. [H^a) and[Hb)]. When the 
condition lac ~ Icrit{T,B = 0) holds, these oscillations 
reach their maxima in fields close to zero, with the state 
corresponding to the midpoint of the S-N transition be- 
ing realized [Fig. [^d)]. When > Ic„t{T,B = 0), 
a state more close to the normal realizes [Fig. HJc)]. 
The oscillations also reach their maxima in fields close to 
zero. The oscillation amplitude, however, decreases [Fig. 
[2]Jc)]. The magneto-resistive response of the smaller loop 
S dominates over the larger loop response L at the pa- 
rameters of Fig. [21 The spectral peak corresponding to 
the larger loop L practically disappears with increasing 
current [inset of Fig. [2jc)]. 



E. Comparison of VreciB) and VddB) oscillations 

1. Let compare the VreciB) and VddB) oscillations 
and their spectra in the 2-loop structure. We found that 
VreciB) and VddB) voltages measured in the structure 
(Fig. [T]) under applied ac (with a zero dc component) and 
dc (with a zero ac component) respectively, give infor- 
mation about the structure quantum magneto-resistive 
behavior and nonlinear coupling between the loops. 

Although the VreciB) and VddB) functions differ fun- 
damentally, their spectra contain a similar set of frequen- 
cies. The spectra show quantitative and relative differ- 
ences between periodic magnetic-field responses of the 
structure biased with ac (with a zero dc component) and 
dc (with a zero ac component) at the same values of 
T and bias current lacildc)- The response of the smaller 
loop often dominated over the one of the larger loop when 
VreciB) was measured (Fig. [5]). During VddB) measure- 
ments, a response of any of the loops could be dominating 
at certain values of T and Idc- Moreover, unlike VreciB) 
oscillations, the VddB) oscillations reach their maxima 
in low fields at somewhat smaller currents at the same T 
(Figs. Hand©. 

2. Now compare the VreciB) and VddB) oscillations in 
this structure with VreciB) oscillations in the figure-of- 
eight-shaped structure of Ref. 0. Unlike the spectra of 
VreciB) oscillations in the figure-of-eight-shaped struc- 
ture, the spectra of VreciB) and VddB) oscillations in 



this structure virtually do not contain higher harmon- 
ics of loop fundamental frequencies expect for the second 
harmonics of fs- Moreover, the spectra of VreciB) and 
VddB) oscillations in this structure exhibit extra peaks 
at low frequencies and peaks corresponding to extra com- 
bination frequencies. This difference is most appears due 
to another geometry of the structure as compared to that 
in Ref. J,. It is seen that VreciB) and VddB) oscilla- 
tions can be dependent on the field direction. A similar 
magnetic asymmetry was first observed in the figure-of- 
eight-shaped structure^ - This asymmetry has no been ex- 
plained yet. 

3. Compare the VreciB) and VddB) oscillations and 
their spectra in this structure with LP oscillations in a 
hollow thin-walled superconducting cylinder. In a low 
field region, the oscillations in this structure and those in 
a single asymmetric loopi are of unusual character. The 
striking difference of VddB) oscillations in this structure 
from LP oscillations is clearly seen in Fig. EJc). In a 
low field region, the peak-to-peak amplitude of VddB) 
oscillations can reach a value close to the total volt- 
age through the whole structure in the normal state, i.e. 
VddB) = RNldc- This means that the transition of the 
structure as a whole from the state close to superconduct- 
ing to the state close to normal and back can occur at 
certain field and current values. The VddB) oscillations 
more resemble abrupt jumps between the superconduct- 
ing and normal states as magnetic field changes. In other 
words, the structure can be in a state close to bi-stable. 
There is no explanation of this effect now. 



IV. CONCLUSION 

1. We measured unusual quantum oscillations of a rec- 
tified dc voltage VredB) and a dc voltage VddB) in su- 
perconducting aluminum structure consisting of two se- 
rial circular asymmetric loops of different areas connected 
by a long wire (Fig. [1]). The VredB) and VddB) curves 
were recorded in the structure biased only with an alter- 
nating current (without a dc component) and only with 
a direct current (without an ac component), respectively, 
with the maximum current values close to critical and T 
slightly below Tc. 

2. The sum and difference of the loop fundamen- 
tal frequencies in the Fourier spectra of VredB) and 
VddB) oscillations are indicative of a interaction (nonlin- 
ear coupling) between quantum magneto-resistive states 
of two serial loops. It was found that this coupling 
still exists when the loops are moved away from each 
other to a considerable distance close to the penetration 
depth of a nonuniform electric field into a superconduc- 
tor A^; > > ^0 • The coupling most likely realizes through 
a common bias ac (dc) due to non-equilibrium nonlocal 
effects. The large value of nonlocal length A^; in the 2- 
loop structure ensures the coupling of serial loops at a 
considerable distance between them. 

3. Earlier, measurements of a rectified voltage VredB) 



8 



were used to determine quantum behavior of an asym- 
metric circular loop and two directly connected asym- 
metric circular loops.— >^>^ In this work, we found that 
measurements of a dc voltage VddB) provides similar in- 
formation on the behavior of asymmetric structures. 

4. For the 2-loop structure, the spectra of Vrec{B) 
and Vdc{B) oscillations are complicated. Apart from the 
fundamental frequencies of both loops, summation and 
difference fundamental frequencies, the spectra contain 
extra low and combination frequencies. The extra com- 
bination frequencies are linear combinations of the loop 
fundamental frequencies and low frequencies. Magne- 
toresistive contributions of various frequencies into os- 
cillations vary by the absolute value and with respect to 
each other when external parameters change. 

5. The Vrec{B) and Vdc{B) oscillations in the 2-loop 
structure and single asymmetric loops radically differ 
from the LP oscillations in a thin-walled superconduct- 
ing cylinder. For example, in low fields, VreAB) and 



Vdc{B) oscillations can have a large amplitude and an 
unusual dependence on the field. The large amplitude 
is due to the fact that the structure as an almost whole 
can undergo transition from the state close to supercon- 
ducting state into to the state close to normal state and 
back when magnetic field changes. Further investigations 
would help to elucidate the nature of the Vrec{B) and 
Vdc{B) oscillations. 
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